the importance of BMPs for mammalian development
Figure 1. Noggin Prevents the Expression of Noradrenergic and Panneuronal Genes in Sympathetic Ganglia

Embryos treated with BSA-loaded (A-D) or Noggin-loaded (E-
BMP-4 and BMP-7, both of which are expressed in the Thus, to block BMPs in vivo requires methods that allow chick dorsal aorta, elicit the development of sympathoone to interfere simultaneously with the function of sevadrenergic cells in avian neural crest cultures. As this eral BMP family members at a defined developmental study intended to interfere with the action of BMPs in stage.
vivo by the application of the BMP antagonist Noggin, To define the role of BMPs in the control of sympait was first investigated whether Noggin would block thetic neuron development, we have taken an approach both factors. Previous work, using competitive binding of experimental embryology in the chick embryo, using assays, concluded that BMP-7 interacts with Noggin the implantation of beads releasing the BMP antagonist with much lower affinity than BMP-4 (Zimmerman et al., 1996). We have now analyzed whether Noggin blocks Noggin (Smith and Harland, 1992 ; Zimmerman et al., the biological activity of both BMPs in vitro. The effect 1996). Noggin binds BMPs with high affinity, and the of BMPs at concentrations producing maximal effects Noggin-BMP complex is unable to activate BMP recepon sympathoadrenergic development (10 and 100 ng/ tors (Zimmerman et al., 1996) . The accessibility of the ml for BMP-4 and BMP-7, respectively; Reissmann et avian embryo allows one to selectively interfere with the al., 1996) in quail neural crest cultures was strongly anfunction of BMPs during the small window of embryonic tagonized by the addition of a 3-fold molar excess of development, when the action of dorsal aorta-derived Noggin. The effect of BMP-4 on the generation of THBMPs on sympathoadrenergic differentiation is implied.
immunoreactive (TH-IR) sympathoadrenergic cells was The inhibition of BMPs resulted in the absence of exnearly completely blocked (4.3% Ϯ 1.1% of BMP-4-pression of the noradrenergic marker genes dopaminetreated cultures without Noggin), and the BMP-7 effect ␤-hydroxylase (DBH) and tyrosine hydroxylase (TH) as was strongly reduced (20.8% Ϯ 7.4% of BMP-7-treated well as of the panneuronal neurofilament (NF160) and cultures without Noggin, n ϭ 3, mean Ϯ SEM). This result SCG10 genes. To define the role of BMP signaling in indicated that Noggin would be suitable for blocking in more detail, effects on the expression of transcriptional vivo the function of BMPs involved in sympathetic neuregulators and the fate of ganglion cells were investiron development. gated. In Noggin-treated embryos, the expression of Cash-1, the chick homolog of Mash-1, is strongly reduced, and expression of Phox2a and Phox2b is lacking Noggin Prevents Noradrenergic and Neuronal Differentiation in Sympathetic Ganglia completely. The increased apoptotic cell death in the sympathetic ganglia of Noggin-treated embryos indiSince BMPs are implied not only in sympathetic neuron differentiation but also in processes that occur at earlier cates that ganglion cells, unable to differentiate in the application in the region of the last forming somite has no effect on neural crest emigration.
Neural Crest Migration and Primary Sympathetic
The initial formation of primary sympathetic ganglia Ganglion Formation Are Not Affected was studied at stage 18 by the analysis of Sox10 expresin Noggin-Treated Embryos sion. Sox10-expressing cells include the sympathoThe absence of TH, DBH, SCG10, and NF160 expression adrenergic lineage at that stage, as demonstrated by in the sympathetic ganglion area in the Noggin-treated double in situ hybridization of Sox10 and Cash-1, and embryos raised the question of whether sympathetic ganglia are generated in the absence of BMPs. To study Phox2b and Phox2a (data not shown). As the area of , 1996) . In had no effect on apoptosis at stage 18 (data not shown), addition, dorsal aorta elicits the generation of sympawhich is in agreement with the unchanged ganglion area thoadrenergic cells in neural crest cultures (Table 2 ; and the conclusion that the absence of Cash-1 and Reissmann et al., 1996). We now demonstrate that the Phox2 gene expression at this stage is due to a lack of effect of the dorsal aorta on neural crest cells is virtually gene expression rather than to a lack of cells. In contrast, abolished in the presence of Noggin (Table 2) Chemischen Industrie to H. R. to the rostral bead of each embryo were analyzed for each marker. Data from at least three embryos were analyzed for TH, Sox10, and Cash-1 for both Noggin and BSA-treated embyros.
Sox10-positive, primary sympathetic ganglia is not difet al., 1997). Phox2b is essential, and both Phox2b and ferent between BSA-and Noggin-treated embryos (Fig
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